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Measurements of 1lift and pitching moment were made on a series of
low-aspect-ratio wing-body combinations of different stiffnesses in the
Mach number range from 0.70 to 1.10 and at angles of attack up to 30°.
The configurations tested consisted of three different delta wings in
combination with & single conical-cylindrical body. The three delta
wings differed in leading-edge-sweep angle, aspect ratio, and area.
Both rigid and flexible models were tested at Rey..olds numhers per foot

of 3.2 x 106 and 1.8 x 10°.

The experimental results indicated that there is no appreciable
effect of vehicle flexibility on the 1lift charactrristics for the models
tested. The pitching-moment characteristics were affected by flexibility;
in general, increasing flexibility produced &. syyreciable deteriora-
tion of the static longitudinal stability charac.eristics.

Some of the experimental results were compared with some of the
linear and nonlinear theoretical methods egvailable. It 1s to be noted
that in the theoretical calculations the models w.re assumed to consist
only of a triangular wing, effects of the fuselag: being ignored. The
linear theory showed good agreement with the expe rimental results in
values of the lift-curve slope at the zero-l.ft condition. One of the
nonlinear theories showed fair agreement with the experimentally deter-
mined lift characteristics for all three configurations. None of the
analytical methods used were completely adequete for the prediction of
the 1ift and pitching-moment characteristics throughout the entire angle-
of-attack renge investigated.

*
Title, Unclassified.
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INTRODUCTION

The proposed use of low-aspect-ratio lifting vehicles for long-
range hypersonic flight and for reentry into the earth's atmosphere has
created a need for aerodynamic information to deseribe fully the behavior
of such vehicles. One area where these vehicles have not received ade-
quate attention consists of the aeroelastic problems of flutter, diver-
gence, and deterioration of stebility and control characteristics asso-
ciated with elastic deformations. A preliminary study of these aeroelas-
tic characteristics has indicated that this deterioration of stability
and control charscteristics might be very significant. Most proposed
ascent trajectories for these vehicles produce relatively high dynamic
pressures in the transonic speed range. Since aeroelastic effects tend
to become more pronounced at conditions where the product of dynamic
pressure and lift-curve slope is a maximum, it appeared desirable to
study the lift and pitching-moment charecteristics of a sc~ies of low-
aspect-ratio wing-body configurations in this often troublesome speed
reginme.

Accordingly, a program has been completed in the Langley 2-foot
transonic aeroelasticlty tunnel where the 1ift and pitching moment have
been measured on & series of full-span trianguler-planform wing-body
configurations varying in aspect ratio and stiffness. The measurements
covered the Mach number range from 0.70 to 1.10 at angles of ettack as
high as 30°. The models were restrained at the trailing edge of the
body by a balance which was attached to a conventional sting support sys-
tem. The balance was shielded from the airstream by a fairing with a
conical nose and cylindrical afterbody simulating a booster configura-
tion. Thus, the 1ift and pitching-moment coefficients measured may he
interpreted directly as represent. ng the aserodynamic loads imposed on a
booster by such & forward-mounted vehicle. Also of interest, however,
are the implicetions contained in the date regarding the aeroelastic
effects on the stability and control characteristics of free-flying
vehicles of this type. The measured characteristics have been compared
with those calculated by means of & relatively simple aseroelastic
enalysis. ’

SYMBOLS
A wing aspect ratio
Agy deflection influence coefficient (deflection at ith point due
to unit loed at jth point)
& wing mean aerodynamic chord
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wing root chord

11ft coefficient, I-%g-*:

lift-curve slope

Pitching moment

pitching-moment coefficient, S
Q:

constant {see appendix)
differentiating matrix

acrodynamic force

serodynamic force at jth point

integers

Mech number

dynamic pressure

€

wing semispan

wing planform area
Carteslian coordinates

element of width having its center at x = X3

distance from leading edge of mean aerodynamie chord to center
of pressure measured in fraction of mean aerodynamic chord,
positive rearward

distance from origin to ith point

distance from origin to jth point
deflection at ith point due to flexibility

deflection et Jth point due to flexibility
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Z'j deflection at Jjth polnt due to angle of attack

a angle of attack (measured at trailing edge of model)

Qe calculated angle of attack at station 1

e measured angle of attack at station 1

ay rigid-body angle of attack at jth point

O¢ calculated deflectiorn av station 1

Be measured deflection at station 1

€ wing semiapex angle

Ay lembda function, Ny = O when 1 #3 and Ny =1 when
1=

Matrix notations:

(] equre

{ } column

APPARATUS AND TESTS

Wind Tunnel

The Langley 2~foot transonic aeroelasticity tunnel was used in this
investigation. This tunnel 1is a slotted-throat single-return wind tunnel
equipped to use either air or Freon-12 as the test medium at pressures
from 1 atmosphere down to about 1/25 atmosphere. The tunnel is of the
continuous-operation type, powered by & motor-driven fan. Both test-
section Mach number and density are continuously controllable. The pres-
ent tests were made using Freon-12 as the test medium. Some of the
characteristics of Freon-12 as & wind-tunnel test medium are discussed
in reference 1. .

Models
Model description.- Three series of models were tested. Detalls

of the geometry of the modils are shown in figure 1. The configurations
cof N
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tested consisted of three different low-aspect-ratio full-span delta
wings in combination with a single conical-cylindrical body. Differ-
ences in the three series of wings were in leading-edge-sweep angle,
aspect ratio, and area. The first series (hereinafter referred to as
series A) had a sweep angle of 78.03° and an aspect ratio of 0.848. The
second series (hereinafter referred to as series B) had a sweep angle

of 85.95° and an aspect ratio of O0.42hk. The third series (hereinafter
referred to as series C) had a sweep anglc of 78.03° and an aspect ratio
of 0.848; however, the wing aree was one-half that of the models of
series A. The differences between the models in any one series were in
longitudinal bending stiffness. The individual models will be herein--
after designated by two letters, and, in some cases, a number will be
added. The first letter will refer to the wing series; the second let-
ter will differentiate between the rigid models (the letter "R" will

be used) and the flexible models (the letter “F" will be used). There
were two flexible models of the A series having different levels of
stiffness which are distinguished by the designations AF-1 and AF-2.
Model AF-2 is the more flexible model.

Model construction.- The models were constructed of aluminum,
Paraplex, and a flexible plastic foam. The wings were molded from
Paraplex. For the rigid models, the wings were impregnated with Fiber-
glas to increase the wing stiffness. The fuselage was molded from &
lightwelght flexible plastic foam. The fuselages for the flexible
models were cut transversely at approximately l-inch intervals to reduce
the contribution of the fuselage stiffness to the total model stiffness.
The cuts were covered with thin rubber sheet to preserve the aerodynamic
contour and to prevent leakage. The primary contribution to the longi-
tudinal bending stiffness of the models was provided by an aluminum-
alloy spar which was bonded to the root chord of the wing. Variations
of the stiffness were obtained by variastions of the dimensions of the
spar. Two transition strips of No. 60 carborundum grains were applied
near the nose of the rigid models to simulate the roughness of the first
two rubber-covered cuts on the flexible models. A photograph of a typi-
cal flexible model of series A with part of the fuselage removed is
shown in figure 2.

Presented in teble I is the measured deflection influence coeffi-
cient matrices for the flexible models tested. These coefficients are
given as deflection in inches per pound for each of the 10 stations on
the model shown in figure 3. Since the model was mounted on & strain-
gage balance during the wind-tunnel tests, the influence coefficients
were measured with the models mounted on the balance. It should be
noted that the balance was relatively stiff. The flexibility of the
balance may be conveniently expressed as a rotational spring constant.
This constant was determined to be about 32,000 in-lb/radian with the
effective axis of rotation located 2.064 inches rearward of the model
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trulling edge. As an example of the effect of the balance on the over-
all flexibility of the model-balance system, the deflection at station 3
of model AF-1 due to a load at that point was increased by about 1( per-
cent because of the balance flexibility. It should be noted that the
rigid models were not infinitely stiff and perhaps would be more properly
described as being very stiff in comperison with the flexible models.

Model support system.- The models were cantilever-mounted on a
three-component strain-gage balance which was in turn attached to a
support sting. A line drawing showing the planform of the model support
system is shown in figure 4. The balance was shielded from the airstream
by & conical-cylindrical fairing, the geometry of which is representative
of the forward portion of a typical rocket booster system which would
normally be attached to a full-scale vehicle. A line drawing of the
fairing is shown in figure 5. A gap of approximately 1/16 inch was left
between the trailing edge of the model and the balance shield. The
sting support was attached to a circular turntable which formed part of
the tunnel wall. By rotating the turntable the model angle of attack
was varied. A photograph of a typical model mounted in the test section
is shown in figure 6.

INSTRUMENTATION AND DATA REDUCTION

The forces and moments acting on the models were measured by means
of a three-component strain-gage balance. The normal-force, chord-
force, and pitching-moment components of the balance were designed for
maximum measurable loads of 120 pounds, 80 pounds, and 240 inch-pounds,
respectively, with an accuracy of $1/2 percent of the maximum load.

At relatively small angles of attack the measured chord forces were
small and, within the precision of the balances used, could not be deter-
mined with sufficient accuracy to Jjustify their presentation. The
pitching-moment measurements appeared to be affected by changes in the
temperature of the balance. These effects caused some drift in the
zero reading of the balance; however,.since the calibration of the bal-
ance was essentially unaffected by temperature, the slope or shape of
the pitching-moment curves were correct because all rums were made at
essentially constant temperature.

All of the force and moment data have been reduced to coefficient
form. The reference length and reference area used were the wing mean
aerodynamic chord and the total wing area, respectively. The pitching-
moment coefficient is referred to an axis on the surface of the wing,
prarallel to the wing trailing edge, and located at 42 percent of the
mean aerodynamic chord. (See fig. 1.) The angle of attack a is
defined as the angle at the trailing edge.
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TEST CONDITIONS

The aerodynamic lift forces, drag forces, and pitchinyg morments
were determined at Mach numbers of 0.70, 0.80, 0.85, 0.90, 0.9, 1.00,
1.05, and 1.10 and at angles of attack from -4® up to as high as %07.
All the models were tested at a Reynolds number per foot of approxi-

mately 3.2 X 106. Tests were also made on the modgls of series A at a

Reynolds number per foot of approximately 1.8 x 10°. Shown in f wre 7
is the variation of the test-section dynamic pressure with Mach n rber
for the tvo test Reynolds numbers. Since there were slight variations
in the tunnel stagnation pressure between tests, the dynamic prassure
at a given Mach number varied from run to run. The date in the figure
give the maximum range covered for all runs. This variation in the
tunnel stagnation pressure caused a maximum deviation in the Reynolds
numbers of approximately 2 percent.

EXPERIMENTAL RESULTS AND DISCUSSiON

Lift Date

Rigid models.- Presented in figure 8 is the variation of the 1lift
coefficient with angle of attack for all the rigid models tested. In
order to facilitate presentation of the data, staggered scales have been
used in many of the figures and care should be tak>n in identifying the
zero axis for each curve. In figure 8(a), data from tests on model AR

at Reynolds numbers per foot of approximetely 3.2 x 100 and 1.8 x 106
are presented. There appears to be no appreciable effect of Reynolds
number on the variation of the lift coefficient with angle of attack
for the rigid model of series A. Slight differences are noted in the
data taken at the two Reynolds numbers, but these differences are within
the experimental error. Consequently, in subsequent comparisons of 1lift
data for the flexible models, the effects of Reynolds number are assumed
to be negligible. Presented in figure 9 is a comparison of the lift-
coefficient data for the rigid models of the three different configura-
tions at several Mach numbers (M = 0.70, 0.90, 1.00, and 1.10). A
general comparison of the data in figure 9 indicates that all the models
show essentially the same type of variation of the lift coefficient with
angle of attack.

Flexible models.- Presented in figure 10 is the variation of the
1ift coefficient with angle of attack for the flexible models tested.
Also included in the figure are the faired curves from figure 8 for the
rigid models. On comparing the data for the flexible models with that

- e CVARERE S .




for the rigid models, it is seen that the 1lift data are, for all practi-
cal purposes, unaffected by variations in model flexibility. It should
be noted that the angle of attack is measured at the trailing edge.

Pitching-Moment Data

Rigid models.- Presented in figure 11 ls the variation of the
pltching-moment coefficlent with 1ift coefficient for the rigid models
tested. As is seen from figure 11(a), there are some differences in
the data taken at the two Reynolds numbers for model AR. These differ-
ences may be associated with viscous effects; however, some of the
difference may be attributed to inaccuracies in the experimental method
or to the fact that the rigid model was not infinitely stiff. Since
the tests at twn Reynolds numbers involve two sets of values of dynamic
pressure !shown in fig. T7), effects of deformation on the data mav have
been present. The general trend shown by the pitching-moment dat:. “»r
positive values of the 1lift coefficient is an almost linear decrease
until some value of the 1ift coefficient, depending on the Mach number,
is reached and then the pitching-moment data show an increase in value.
The slope of the linear portion of this variation tends to become more
negative with increasing Mach number.

Flexible models.- Precented in figure 12 is the variation of the
plitching-moment coefficlent with 1ift coefficient for the flexible models
tested. An examination of these data shows that the trends are similar
to those described for the rigid model.

A more direct indication of the effects of flexibility on the
pitching-moment characteristics is glven in figure 13 where the varia-
tion of pitching-moment coefficient with 1ift coefficient is shown for
the models of the A series having three different stiffnesses. When
the data are examined fram the standpoint of the stability and control
characteristics of a free-flying vehicle, several interesting aspects
are noted. The rigid model would be stable about the chosen center-
of-gravity axis at 42 percent of the mean aerodynsmic chord for all
Mach numbers. The rigid model indicates a pitchup instability at high
11ft coefficierts for the lowest Mach number (M = 0.70). At positive
1ift coefficients and at the lower Mach numbers, the models of increasing
flexibility show & systematic decrease in the lift coefficient st which
pitchup occurs. In addition, the most flexible model shows an unstable
pitching-moment characteristic at negative lift coefficients for all
Mach numbers. These rather serious effects of flexidbility on the static
longitudinal stability characteristics indicate that the aeroelastic
characteristics of highly flexible vehicles of this type should be
given careful consideration.
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COMPARISONS WITH THEORY

Lift Deta

Several theories (refs. 2 to 8) cre available for the prediction
of the lift for low-aspect-ratic irleigular wings. The theories of
references 2 to 5 are developed for a rigid wing in a :teady incompress-
ible flow. In reference 6 a linear aerodynamic theory has been developed
for a wing which can deform elastically in the camber direction. The
theoretical method presented in reference T is similar to that of ref-
erence 6 but is more general since both steady and unsteady acrcdynamic
forces are considered. The subsonic lifting-surface theory presented
in reference 8 has application to both the steady and unsteady case and
also permits effects of model deformations on the aerodynamic forces to
be taken into account.

The theory of refereunce 2 is based or the idealization of two-

~ dimensional incompressible flow and gives for the 1lift coefficient at

small angles of attack

C1, = :ng (ref. 2) (1)

References 3 to 5 arc extensions of the work of reference 2 to include
nonlinear effecte of viscosity. In these theories the expressions for
the lift-force coefficient consist of a linear term {the result

given by ref. 2) plus a nonlinear viscous term. However, by making
slightly different assumpiions as to the nature of the flow field :i.
the vicinity of the wing, different expressions for the viscous term
were determined. The expressions for the lift coefficients given by
these references are

3/2
oy, = My A(’i“g (ref. 3) (2)
Cp = ’-‘g—"'- + PP (re. 4) (3)

2/3
op =M, ul/%?/’[; + ?5(}:-) ] (ref. 5)  (4)

It i8 to be noted that all calculations were made by considering
. the models to consist only of a triangular wing, effects of the fuselege
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being ignored. A comparison of the eipperimentally determined 1ift
coefficients for the rigid models tested with the theoretical values
obtained from equations (1) to (4) is presented in figure 14. Only
experimentel data for M = 0.70 are included in the figure since these
data are typlcal of all date obtained. Also included in figure 1L(a)
are the results obtalned by using a subsonic lifting-surface treatment.
This method is developed in reference 8 for the unsteady case by using
a spanwise numerical integration of the kernel function of unsteady,
three-dimensional compressible flow. By considering the case where the
reduced fregquency equals zero, results for steady flow are obtained.
The curve presented has been calculated for M = 0.70. As is seen from
figure 14(a), none of the theories are satisfactory for predicling the
variation of the 1lift coefficient with angle of attack throughout the
antire range of angle of attack for the models of series A and C. At
low angles of attack, the linear theory and the lifting-surface theory
(refs. 2 and 8) show the best agreement with the experimental data. At
higher angies of attack {a > 10°) , the theory of reference 3 gives the
best prediction for model AR and the 1lifting-surface theory (ref. 8)
gives the t<st prediction for model CR. In figure 1i(b) the theory of
reference 3 satisfactorily predicts the variation of the 1ift coeffi-
cient with angle of attack for model BR throughout the entire angle-of-
attack range. .

Presented in figure 15 is the variation with Mach number of the
2xperimental lift-curve slope at the zero-lift condition for the models
of all three series. The experimental values were determined by numeri-
cally differentiating the experimental lift data with a five-point dif-
ferentiating scheme. Also included in the figure are the corresponding
theoretical values obtained from the theory of reference 2. Included in
figure 15(a) is the calculated lift-curve slope obtained bv the method
of reference 8. As 1s seen from the figure, the results obtained from
the linear low-aspect-ratio serodynamic theory are in good agreement
with the experimeatal data. The three-dimensional theory of reference 8
predicts & value of the lift-curve slope somewhat higher than the value
found experimentsally.

It is observed that the ususal relatively large deviations in 1ift-
curve slope found for most configurations in the transonic speed range
were not encountered in these tests. This is believed to be due to the
slenderness of the configurations tested. It is of interest that the
theory of reference 8, which takes account of Mach number, aisc shows
the same trend as the experiments.

In reference 6 linear low-aspect-ratio aerodynamic theory has been
applied to a low-aspect-ratio triangular wing which is allowed to deform
elastically in the camber direction. The total 1ift force was found to
be independent of the deformations and depehdent only onr the slope at
the trailing edge. Thus the 1ift on the flexible wing at a given angle
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of attack, measu 1 at its trailing edge, would be the same as the lift
on a rigid wing. Apparently, the increased 1lift generated by the higher
local angles near the nose are compensated for by the negative 1ift
for.es assoclated with the curvature of the wing. Although linear theory
is inasdequate for the prediction of the magnitudes of the 1ift coeffi-
cient throughout the test angle-of-attack range, the experimental results
are consistent with the results which would be expected from the method
of reference 8 in that no appreciable effect of flexibility was found

in the 1ift data. (See figs. 10 and 15.)

Center-of -Pressure Data

The location of the aercdynamic center of pressure as & fraction
of mean aerodynamic chord for model AR is presented in figure 16. Also
included is the center-of-pressure location as predicted by the theories
of references 2 and 8. Both theories predict a more rearward location
than was found experimentally. Both the experiment and the lifting-
surface theory {ref. 8) show & rearward movement of the center of pres-
sure with increasing Mach number.

Pitching-Moment Data

Figure 17 presents a comparison of some experimental and calculated
variations of the pitching-moment coefficient wi'.n 1i1ft coefficient for
the three series of models tested. Calculations were made for all the
configurations by using the theory of reference 2. Calculations were
also made for one of the flexible models of series A by using the linear
low-aspect-ratio aserodynamic theory and allowing the model to deform
elastically in the camber direction (ref. 7). The deformed shape used
in this calculation is presented in figure 18. As is seen from fig-
ure 17(a), the calculations for the rigid model based on reference 2 do
not setisfactorily predict the variation of the pitching-moment coef-
ficient with 1ift coefficient for any of the three configurations. Of
course, this linear theory could not be expected to predict the pitchup
tendency at high 1ift coefficients. In addition, some of the discrepancy
between theory and experiment may be due to the amission of the effects
of the body in the calculation. In figure 17(b) it can be seen that the
calculation for the flexible model shows much “etter agreement with
experiment than did the calculations for the rigid models; however, the
calculation for the flexible model cannot be considered to yield an
edequate estimate of the pitching-moment characterigtics.
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Elastic Deformations

A comparison of calculated and measured normalized shapes for
modei AF-1 1s presented in figure 18. The type of deformed shape obtainec
on the flexible models was basically a bending in the camber direction.
Some significant bending in the spanwise direction was also observed at
high angles of attack. The experimental deflection shapes were deter-
mined by taking a double-exposure photograph of model AF-1 which had been
painted black with very thin stripes of white running in the camber
direction. One exposure was made with the wind off and the model at 0°
angle of attack; whereas, the second exposure was taken at the desired
test condition. By measuring the deflections of the white lines, the
deformed shape of the model was determined. The calculated deflection
shapes were determined by using & matrix iteration technique employing
the linear low-aspect-ratio aerodynamic theory of reference 7 and mesas-
ured deflection influence coefficients. This analysis is developed in
detail in the appendix. The shapes presented in figure 18 have been
normalized to the velue of the deflection at station 1. (See fig. 3 -
for station 1 location.) The actual deflection at station 1 is indi-
cated in figure 18. The values of both the calculated and measured
angles of attack at station 1 are alsoc tabulated in figure 18. It is
seen in figure 18 that the general shapes of the experimental and theo-
retical curves compare fevorably. However, the theory predicts a higher
total deflection than was found experimentally.

O OV

As a matter of reference, the divergence dynamic pressures were
calculated for all the flexible models tested by using a technique
similar to that developed in reference 9. This technique is developed
in the appendix. These values of the dynemic pressure were 2,822 1b/sq ft,
1,495 1b/sq £t, and 4,624 1b/sq £t for models AF-1, AF-:, and BF,
regpectively. At the maximum test conditions, models AF-1, AF-2, and EBF
were tested at approximately 9 percent, 17 percent, and 6 percent of
their calculated divergence dynamic pressures, respectively.

CONCLUDING REMARKS

Measurements of 1ift and pltching moment were made on & series of
low-aspect~-ratio wing-body combinations of different stiffnesses in the
Mach number range from 0.70 to 1.10 and at angles of attack up to 30°.
The configurations tested consisted of three different delta wings in
canbination with a single conical-cylindrical body. The three delta -
wings differed in leading-eage-sweep angle, aspect ratio, and area. Both
rigid and flexible models were tested at Reynolds numbers per foot

of 3.2 x 10° and 1.8 x 20°.
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The experimental results indicated that there is no appreciable
effect of vehicle flexibiiity on the 1ift characteristics for the models
tested. The pitching-moment characteristics were affected by flexibility;
in general, increasing flexibility produced :n appreciable deteriorutiorn
of the static longitudinal stability characteristics.

Sowe of the experimental results were compared with some of the
linear and nonlinear theoretical methods available. It is to be noted
that in the theoretical celculations the models were assumed to consist
only of a trianguler wing, effects of the fuselage being ignored. The
linear theory showeC good agreemant with the experimental results in
values of the lift-curve slope at the zero-lift condition. One of the
nonlinear theories showed rair agreement with the experimentally deter-
mined lift characterisfics for all three configurations. None of the
analyticel methods used were completely adequate for the prediction of
the 1ift and pitching-moment characteristics throughout the entire angle-
of-attack range.

Langley Research Center,
National Aeronautics and Space Administiration,
Langley Field, Va., July 12, 1960.
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APPENDIX

TECHNIQUE EMPLOYED IN CALCULATING DEFORMED SHAPES

A method of analysis was develcped for calculating the deformed
shapes of the flexible models by using the aserodynamic forces obtained
from the theory presented in retference 7 for low-aspect-ratio triangular
wings and measuréd deflection influence coefficients. The model is
represented structurally and geometrically as shown in the following
sketch:

=0 o

s=xtane

C x/ \<2 S,

The wing in its neutral position is assumed to have its mean camber
surface lying in the XY-plane of the x,y,z coordinate system with the
wing apex at the origin of the coordinate system and the root chord
colnciding with the X-axis. The Z-axis is taken as positive upward,
and a wind of -constant velocity and inclination a to the XY-plane
emenates from the negative x-direction. The trailing edge of the wing
is considered to be bullt in and the wing is allowed to only have
deformations in the camber direction.

For any type of loading, the elastic deflection at any point x = x4 e
on the wing is defined by ‘

23 = AjgFy + AFp + AgFs o o o+ AT, (A1)
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where A; 3 is an elastic deflection influence coefficient defined as
the deflection at position x = x3 due to a unit load at position
X = Xy, For the present analysis the wing was divided into 1O chord-

wise segments. Generalizing equation (Al) to include all the cont:ol
points on the wing leads to the following deflection influence coef-
ficient equation:

&0 - (] € (82)

For the case where a = 0°, the aerodynamic force per unit chord
as given by reference T is

2
aF _ 2 d~z dz
= 2nq tan e<x2 — + 2x ) (A3)

By considering an element of width Ax having its center at x = X3
the total aerodynamic force on this element is given by

: 7
F, = 2n(Ax)q tanZe xja(d—z-) + 2x, (32 ! (A4)

]

Rewriting equation (A4) in matrix notation for the entire wing gives
the following equation:

(6%
(FJ} = 2rx(Ax)q tene Ja{\i—@'-)a + &3(%’22)3 (85)

With the use of the expressions Ayy =1 when 1 =J and Ny =0
when 1 # J, equation (A5) can be rewritten in the form

(1) = e (S2) b ()} 0

J
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By determining a differentiating matrix [D] such that

) B 0

equation (A6) may be written in terms of slope only. The resulting
equation 1is

{FJ} = 2n(Ax)q tanae[[xijxf][n] + 2[7\in3]] {(%)J} (48)

~
Since all of the premultipliers of the matrix {(Qg) { 1in equa-
dx
)

tion (A8) with the exception of gq are constants peculiar to the partic-
ular configuration, the aerodynamic force may be expressed as

&3y - q[c]{(g.g)J} (49)

Again employing the differentiating matrix [D] such that

(&)} -Pley (20)

the aerodynamic force becomes

&) = qc}ln] &) | (a11)

On substituting equetion (All) into the deflection influence coeffi.
cient equation (eq. (A2)), the finml equation for the case a = 0° 18
obtained:
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&) =l 63 2
By iterating equation (Al2) for the dominant root, the divergence dynamic

press're is obtained. This result is essentially the same as that pre-
sented in reference 9.

For the case o £ 0°, there is an aerodynamic force associated with
the angle of attack in addition to the force due to the elastic defor-

mations. The force for the wing acting as a rigid body at an angle or
attack may be expressed in matrix notation by the following eqguation:

{FJ} = 25 (Ax)q tange[z[}\ijxj}] {(LJ} (A13)

Since

Iy -0

equation (Al3) may be rewritten in the form of equation (A8)

{F1) = 2xleda t‘mae[[mxf]["} * 2["13"3}] OB

with the use of the matrix [C} and the relationship

&) = P15

equation (Alk) becomes

&) = dellp] &'y (a15)

By adding equations {All) and (Al5) and substituting the result into
the deflec*ion influence coefficient equation {eq. {A2)), the finel equa-
tion for the case a # O is obtalned:

&) = uileo) G- (e

For the case o = 0° equation {Al6) reduces to equation (Al2). Equa-
tion (Al6) 1s iterated for the deformed wing shape by using the desired
initiel angle of attack and dynemic pressure.

e =
v
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Figure T.- Varlation of dynamic pressure with Mach number for both test -
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(v) Model APF-2.
Figure 10.- Continued.
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(b) Model AF-2.
Figure 12.- Continued.
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Sane

M =0.70

a =10°

8, = 0.0125 ft
8 = 0.0164 ft
a.=11.16 deg
a. =11.38 deg

Normalized deflection
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Figure 18.- Comparison of calculated and measured normalized deflection
Reynolds number per foot = 3.2 X 106.

shapes for model AF-l.
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